The ability of protein kinase from bovinepineal gland to phosphorylate calf-thymus chromatin and thereby to alter the association between chromatin DNA and histones was investigated. Melatonin levels and synthesis in mammalian-pineal glands exhibit a pronounced diurnal rhythm (1). This rhythm, controlled by sympathetic nerves arising from the superior cervical ganglion, is the result of dramatic changes in serotonin N-acetyltransferase (2-4). The events that translate neuronal activity into enzyme changes are not known, but it appears that norepinephrine released from the nerves activates adenylate cyclase, and that cAMP may be a mediator in the sequence of events leading to increased enzyme activity. The work of Berg and Klein (5) shows that treatment of the gland in organ culture with either cycloheximide or actinomycin D prevents both the subsequent norpinephrineinduced and dibutyryl-cAMP-induced stimulation of melatonin production and the associated increases in the level of the enzyme serotonin N-acetyltransferase. These results imply that, in the pineal gland, cAMP may exert its action at the transcriptional level.
Melatonin levels and synthesis in mammalian-pineal glands exhibit a pronounced diurnal rhythm (1) . This rhythm, controlled by sympathetic nerves arising from the superior cervical ganglion, is the result of dramatic changes in serotonin N-acetyltransferase (2) (3) (4) . The events that translate neuronal activity into enzyme changes are not known, but it appears that norepinephrine released from the nerves activates adenylate cyclase, and that cAMP may be a mediator in the sequence of events leading to increased enzyme activity. The work of Berg and Klein (5) shows that treatment of the gland in organ culture with either cycloheximide or actinomycin D prevents both the subsequent norpinephrineinduced and dibutyryl-cAMP-induced stimulation of melatonin production and the associated increases in the level of the enzyme serotonin N-acetyltransferase. These results imply that, in the pineal gland, cAMP may exert its action at the transcriptional level.
The means by which cAMP might affect the transcriptional process in the pineal gland remain unknown. Recently, however, we found a highly active cAMP-dependent protein kinase in bovine-pineal glands (6) . Arginine-rich histone and lysine-rich histone serve as excellent substrates for the enzyme. Therefore, we speculated that cAMP may influence the levels of the various pineal enzymes through its effect on the pineal protein kinase. Stimulation of the protein kinase by high concentrations of cAMP could result in increased phosphorylation of certain regions of the chromatin, resulting in relaxation of the tight association between DNA and histone and, thus, increased transcription of various portions of the DNA. In order to test this hypothesis, the ability of the pineal cAMP-dependent protein kinase to phosphorylate chromatin and thereby to alter the association between its DNA and histones was determined. Because of the great difficulty involved in preparing large amounts of 755 pineal chromatin, and because it is widely held that histones and their binding to chromatin do not differ much from one tissue to the next, calf-thymus chromatin was used.
EXPERIMENTAL PROCEDURE
The cAMP-dependent protein kinase used in these studies was bovine; it was about 95% pure (6 Transcription was allowed to proceed for 10 min at 370, and the RNA synthesized was determined (9) .
Preparation and Electrophoresis of [32P]Histones. Calfthymus chromatin was phosphorylated as described above, but with [,y-32P]ATP as the phosphate donor. After phosphorylation of the chromatin, the histones were extracted with 0.2 M H2SO4 and purified as described by Benjamin (14) . The 32P-labeled histones were electrophoresed on 7.5-cm 15% polyacrylamide gels (15) .
RESULTS
Phosphorylation of Calf-Thymus Chromatin by cAMPDependent Protein, Kinase from Pineal Glands. The ability of the cAMP-ependent protein kinase to phosphorylate calfthymus chromatin is demonstrated in Table 1 . The addition of 5 MM cAMP results in an about 7-fold stimulation of phosphorylation of calf-thymus chromatin.
Effect of Phosphorylation of Calf-Thymus Chromatin on Actinomycin D Binding. Actinomycin D binding to chromatin, measured as described by Beato, Seifart, and Sekeris (13), was used to determine the effect of phosphorylation on DNA-histone interactions. As indicated by Clark and Felsenfeld (7), about half of the DNA in chromatin is exposed and is thus readily susceptible to actinomycin D binding. The exposure of new genes on the DNA by specific interaction of an agent with its chromatin receptor has been associated with an about 15% increase in actinomycin D binding, as demonstrated (13) in the binding of cortisol to its chromatin receptor. As shown in Table 2 , phosphorylation of calfthymus chromatin by the protein kinase resulted in a significant increase in actinomycin D binding to the calf-thymus chromatin. This increase in binding was indicative of a relaxation in the association between DNA and histone. The addition of cAMP to the protein kinase-chromatin incubation mixture did not result in a further increase in actinomycin D binding, as would be expected from the increased phosphorylation of the chromatin in the presence of cAMP.
The Effect of Phosphorylation of Calf-Thymus Chromatin on Its Template Capacity. As a second indicator of the effect of chromatin phosphorylation on DNA-histone association, the template capacity of calf-thymus chromatin for E. coli RNA polymerase was investigated. As shown in Table 3 , phosphorylation of calf-thymus chromatin by protein kinase resulted in an about 25% increase in template capacity, indicating relaxation of DNA-histone association and exposure of new regions of DNA to the RNA polymerase. There' appeared, however, to be no stimulation of this increased template effect by cAMP.
Identification of the Phosphorylated Histone Classes. Various classes of histones have been reported to be phosphorylated in vivo (16) (17) (18) (19) (20) (21) (22) . Therefore, it was of interest to determine the histone classes phosphorylated by pineal protein kinase. Chromatin was phosphorylated by pineal protein kinase with [y-82P]ATP as the phosphate donor. The labeled histones were extracted and purified as described in Methods. Although significantly greater phosphorylation of the chromatin occurs in the presence of cAMP (Fig. 1) (1978) D-binding sites after phosphorylation, and (ii) the increase in the template capacity of calf-thymus chromatin after phosphorylation. Thus, these experiments indicate a possible regulatory role for protein kinase in the transcriptional process, although the possibility of the enzyme functioning in another capacity is by no means eliminated. (23) initially reported a direct, correlation between the chromatin-associated protein kinase activity and the stimulation of chromatin template capacity. These investigators later concluded that the suppression by nonhistone protein of the histone inhibition of RNA synthesis on a DNA template is not directly related to the protein kinase activity associated with chromatin, but rather to the nonhistone phosphoproteins associated with chromatin (24) . The findings in the present report demonstrate that phosphorylation of calf-thymus chromatin by purified pineal protein kinase results in the release of template restriction. It is possible that the pineal protein kinase is phosphorylating both histone and nonhistone proteins and that these resultant phosphoproteins are acting as polyanions that release the histone inhibition of template activity. This conclusion is partially substantiated by the work of Brown and Coffey (25) , who demonstrated that specific polyanions can cause a release of nuclear template restrictions.
Kamiyama and Dastugue
F, and F3 are the major histone classes phosphorylated by pineal protein kinase when chromatin is used as the substrate. Stocken and Ord (26) have observed that phosphorylation of histone F, occurs at the time of new DNA synthesis. Balhorn et al. (27, 28) have also reported that histones F, and F2.2 are phosphorylated only at a time when new DNA is synthesized, and these investigators have concluded that F, phosphorylation is an obligatory step in DNA synthesis or cell replication rather than in specific gene activation. Langan (17) , however, has found that the administration of glucagon to rats results in a marked increase in the phosphorylation of a specific serine residue in the F1 histone of liver. This F1 histone phosphorylation, which Langan feels is the mechanism by which glucagon induces RNA synthesis in its target tissues, appears to be catalyzed by a cAMP-dependent histone kinase in liver. Thus, the increase in template capacity that results from chromatin phosphorylation by pineal protein kinase may be due to specific phosphorylation of the F1 histone, although this still remains a point of conjecture.
The failure of cAMP to enhance the ability of the protein kinase to alter the DNA-histone association in chromatin by means of phosphorylation of the histone is difficult to explain. Although marked stimulation of chromatin phosphorylation by the pineal protein kinase occurred when cAMP was added (Table 1) , no increase in either the number of actinomycin D-binding sites or the template capacity of the chromatin occurred beyond that produced by the pineal protein kinase alone (Tables 2 and 3 ). Several explanations can be offered for this lack of stimulation by cAMP. First, minimal phosphorylation of chromatin may be sufficient to obtain maximal dissociation of histone-chromatin. Thus, under the in vitro experimental conditions, sufficient phosphorylation of chromatin may be obtained both in the presence and absence of cAMP. Examination of this possibility proved to be difficult. Therefore, the lack of stimulation by cAMP may be due to the dissociation of the protein kinase into its cAMP-independent form by those regions of the chromatin that control, by means of their phosphorylation and dephosphorylation, the association between DNA and histone. This possibility, however, should have also been reflected in the 32p incorporation and was not. Finally, it is possible that phosphorylation of some nonhistone protein is responsible for the changes in chromatin properties and that this phosphorylation is cAMP-independent and is not reflected in the overall gross phosphorylation.
In conclusion, while the current experiments fail to provide evidence for a direct role of cyclic AMP in the transcription regulatory process, they do suggest that the cAMP-activated protein kinase may indeed mediate the differential transcription of genes through phosphorylation of specific histone subclasses.
